The aim of this study was to investigate the changes in the molecular structure and physiological activities of silk fibroin induced by three different sterilization methods (steam, gamma radiation and ethylene oxide) with different dose or time period of sterilization by means of Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction, mechanical properties and assessment of molecular weight. The results showed that the steam sterilization darkened the color of silk fibroin and obviously affected the mechanical property; gamma irradiation slightly degraded the molecular weight of silk fibroin and the speed of degradation increased with increasing irradiation dose; and ethylene oxide almost had no influence on silk fibroin expect for some slight hydrolysis on molecular weight. Because ethylene oxide sterilization had the smallest influence on the quality of silk fibroin with compared to other sterilization methods, it could be used as an efficient method to make fibroin more suitable for the development of functional foods and cosmetics.
INTRODUCTION
Silk, popularly known in the textile industry for its luster and mechanical properties, is produced by cultured silkworms [1] . The discovery of silk production by the silkworm Bombyx mori can be traced back to a mysterious and romantic legend from ancient China [2] . Natural silk has long been used as fabric materials in textile industry and also as surgical sutures in medical field [3] , but only recently has it been found rapidly increasing applications in biomedical fields including the generation of tissue engineered bones, skins and cartilages [4, 5] .
Native silkworm silk protein from Bombyx mori consists of a core structural fibroin protein surrounded by sericin, which is a family of glue-like proteins. A highly repeated hydrophobic and crystallizable sequence has been described for the primary structure of fibroin heavy chain: Gly-Ala-Gly-Ala-Gly-X (X stands for Ser or Tyr). Sericin is a more hydrophilic protein, whose primary structure is richer in polar residues, but some of its fractions are not completely water-soluble due to β-sheet portion [6, 7] .
Silk is considered as one of the most promising natural polymers for a packaging application because of its impressive mechanical properties [8] , in addition to environmental stability, biocompatibility [7] , controlled proteolytic biodegradability, morphologic flexibility and the ability for amino acid side change modification to immobilize growth factors [9, 10] . It will probably be used to an even greater extent in the near future.
Tissue engineering is a growing research area where the goal is to augment, replace, or restore complex human tissue functions [11] . Crude biomaterials normally carry a great number of bacteria and fungi. Current practices of harvesting, handling, storage and production may cause additional contamination and microbial growth. The determination of these microorganisms may indicate the quality of production and harvesting practices. Methods for decontamination of crude biomaterials mostly turn to the sterilization [12] . In order to make tissue engineering a commercially successful concept, the manufactured materials must be able to withstand processing and sterilization.
Most of the commonly used sterilization methods for silk include steam, ethylene oxide and gamma ray radiation [13, 14] . The different forms of sterilization may attack the materials of polymers by the same mechanism resulting in hydrolysis, oxidation, chain scission and depolymerization [15] . Some studies have shown that gamma radiation can modify the chemical, physical and mechanical properties of silk fibroin. However few studies have discussed the modification of silk fibroin properties induced by steam or ethylene oxide sterilization, which will restrict people from selecting the most adequate sterilization method for silk fibroin and its products.
People often assume that existing sterilization tech-nologies will be appropriate for silk and, for most instances; the more popular methods are adequate for the silk material [1] . But for selecting the best sterilization method, we not only focus on the efficacy of a sterilization process in terms of effect of killing microorganism and the nature of the residuals formed, but also take into account the effect of sterilization processes on the properties of the silk material, which is often ignored. Obviously, the effect of sterilization processes on the properties of the silk material should be as minor as possible. Before the sterilization method is endorsed for silk, its effects on the properties and end performance of silk should be well investigated [13] . The goal of this work was to investigate the changes in the color, molecular weight and structure of silk produced by three different sterilization methods (steam, gamma radiation and ethylene oxide) with different dose or time period of sterilization by means of FT-IR (Fourier Transform Infrared Spectroscopy) spectroscopy, Xray diffraction, mechanical properties and assessment of molecular weight.
EXPERIMENTAL METHODS AND MATERIALS

Materials
Raw silk fibers (Bombyx mori cocoons) were bought from Xinyuan sericulture company, Hai'an, Jiangsu, China. All other reagents used in the study were of analytical grade.
Preparation of Silk Fibroin
Raw silk fibers' sericin coating was removed via degumming process of boiling in 0.5% (w/w) aqueous Na 2 CO 3 solution for 30 min at 100˚C for three times [7] .
Steam Sterilization
Steam sterilization is a relatively simple process, and it kills microorganisms by destroying metabolic and structural components essential to their replication. In this study the silk fibroin samples were exposed to saturated steam at 121˚C for 30 min at a pressure of 115 kPa [16] .
Gamma Irradiation
In this study, the gamma irradiation sample was carried out in a Nantong Meikeer irradiation company (Jiangsu, China). Radiation sterilization utilizes ionizing radiation from a cobalt-60 ( 60 Co) isotope source with sterilization achieved when highly reactive free radicals induce breaks in the DNA double helix of microorganisms, preventing replication [17] . The most commonly validated dose used to sterilize medical materials is 25 kGy. In this study, samples were exposed to 10 and 20 kGy gamma irradiation using a 60 Co source, respectively.
Ethylene Oxide Sterilization [18]
The ethylene oxide sterilization process utilizes ethylene oxide which has bactericidal, sporicidal and virucidal effects resulting from alkylation of sulphydryl, amino, carboxyl, phenolic and hydroxyl groups in nucleic acids causing cell injury or death [11] . In this study, samples were exposed to ethylene oxide, the concentration of which was 800 g/m 3 , at 50˚C for 0.5 h, 1 h, 2 h, 4 h, 8 h respectively and aeration for 10 days. After aeration, no ethylene oxide residue was tested in silk fibroin samples [13] .
FT-IR Analysis
FT-IR spectra were obtained with Nexus model 870 Fourier Transform IR Spectrophotometer. Dry silk fibroin was ground with KBr powder and compressed into discs for FT-IR examination and analyzed with a model Nexus 870 Fourier transform infrared spectrophotometer (Nicolet Instruments Co, Madison, WI, USA). FT-IR was used to study changes in the chemical structure of the silk fibroin samples after different sterilization procedures, which were steam heated for 30 min, gamma irradiated with 10, 20 kGy, or exposed to ethylene oxide for 8 h.
X-Ray Diffraction Analysis
X-ray diffraction patterns in the 2 range of 4˚ to 60˚ were obtained for the samples of unsterilized and sterilized at room temperature using a scan rate of 10˚ (2)/min at 40 kV and 40 mA (x'TRA, Switzerland ARL). The samples of sterilized silk fibroins were steam heated 30 min, gamma irradiated with 10, 20 kGy, or exposed to ethylene oxide for 8 h.
Mechanical Analysis
The tensile strength of silk fibroin sterilized with different methods was measured on a J-100 N strength-testing machine with or without the sample being soaked in phosphate buffered solution (pH 7.4) at 37˚C. The silk fibroins processed with steam sterilization were postdried, and the samples sterilized by other methods were treated in the same way. The strand of silk fibroin with the same thickness was pre-measured. The sample length was 20 mm. The tensile speed and gauge length were set as 10 mm/min and 60 mm, respectively. The crosshead speed was maintained at 200 mm/min. Every sample was tested for 6 times.
Assessment of Molecular Weight (SDS-PAGE) (Polyacrylamide Gel Electrophoresis)
Samples were dissolved in a tertiary solvent system of CaCl 2 /H 2 O/EtOH solution (mole ratio 1 : 8 : 2) at 80˚C
for 30 min and then dialyzed against milli-Q water in dialysis tubing (molecular cutoff 12 kDa) at room temperature. Milli-Q water was changed every 6 hours. After 72 h of dialysis, the samples were removed from the cassettes and stored at 4˚C [7] . Samples were reduced and run on a NuPage 4% -12% Bis-Tris gel in electrophoresis buffer. Prestained Protein (NEB #P7702) was run as the molecular weight marker (6 -175 kDa) on all gels [19] . Gels were stained with the Commassie® G-250 Stain (Bio-Rad, Catalog #161-0786). Digital images of the gel were captured with a GS-800 Calibrated Densitometer (Bio-Rad).
RESULTS AND DISCUSSION
Visual Inspection
Visual inspection of all samples was performed before and after sterilization. A color change from white to yellow in silk samples was observed after exposure to steam, and the intensity of color change increased with increasing heating time of sterilization. The yellow color darkening of the steam-sterilized silk may result from the Maillard reaction [20] between NH 2 and OH groups. However, no obvious color change was found in silk samples sterilized by using ethylene oxide or gamma irradiation. , which were related to β-sheet conformation. From Figure 1 , we can see that the peak shape at amide Ι region change a little by steam sterilization (b). This result seems that steam sterilization process results in increasing beta-sheet conformation. And ethylene oxide (c) and gamma irradiation (d) sterilization process did not modify the silk fibroin's composition and did not change the crystal conformation of silk fibroin either.
FT-IR Analysis
X-Ray Diffraction
X-ray diffraction curves of silk fibroin and silk fibroin exposed to different sterilizations were shown in Figure  2 . They were almost the same and all showed a very broad peak at 2 = 20˚ and a little peak at 2 = 24˚, which was a typical characteristic diffraction pattern of silk fibroin. It belonged to β-crystal (silk II). The results suggested that the unsterilized silk fibroin and silk fibroin exposed to different sterilizations all had β-sheet crystal structures and the sterilization process did not change the conformation of silk fibroin, which confirmed the results of FT-IR.
Mechanical Analysis
The mechanical measurement results indicated that the maximum fracture strength of silk fibroin unsterilized, and sterilized using steam, gamma irradiation and ethylene oxide were 4.3 ± 0.2 N, 2.9 ± 0.3 N, 4.2 ± 0.2 N and 4.0 ± 0.3 N, respectively, under dry conditions. In addition, statistical analysis in Figure 3 revealed that there was no significant difference between gamma irradiation and ethylene oxide sterilization for both groups were compared to unsterilized group. But there was marked difference between silk fibroins sterilized using steam and other silk fibroin samples.
SDS-PAGE
In order to understand the distribution range of silk fibroin peptides processed with different sterilization methods, the relative molecular mass of the protein was measured by SDS-PAGE with 12% gel. As shown in Figure 4 , both large and small molecular weight of silk fibroins was affected with sterilization. Compared with unsterilized silk fibroin, the intensity of the 25 kDa band for samples exposured to gamma irradiation and ethylene oxide decreased, suggesting that the 25 kDa chain was cleaved and degraded to smaller peptides. In addition, the intensity of light chain decreased from 10 to 20 kGY. It was likely that the peptides within this smear decreased in size with increased dose of irradiation.
Corresponding bands were found in all samples at large molecular weight, which was likely due to minor degradation of the heavy chain during sterilization processing and the difficulty in breaking the tight β-sheet structure of crystalline region during processing sterilization. But from the pattern, the intensity of all sterilization bands especially that of gamma irradiation and ethylene oxide weakened. These results indicated that both the intermediary regions of the fibroin as well as regions within the heavy chain (possibly those between the crystalline regions) were degraded by sterilization.
Steam Sterilization
It has been reported that the high temperature, humidity and pressure used during steam sterilization can lead to hydrolysis, softening and degradation of biomedical polymers [16] . It was investigated that the high temperature and moist environment created by the autoclave sterilization process was found to change the color of silk fibroin and the color of silk fibroin darkened with increasing time period of sterilization. However, the chemical structure of silk fibroin sustained during steam sterilization as shown in FT-IR and X-ray spectrum, and the SDS-PAGE pattern of silk fibroin upon steam sterilization showed a slight decrease in molecular weight. The result seems that steam sterilization process results in increasing beta-sheet conformation. The mechanical property changed a lot with contrast to other silk fibroin samples. This was possibly due to little degradation of silk fibroin occurred in the process of steam sterilization. Thus, there are some limitations for steam sterilization concerning batch process scale-up.
Gamma Irradiation Sterilization
Gamma irradiation, as one of the most commonly employed sterilization agent, is a rapid and highly effective sterilization method for medical devices and materials, but it has been reported that this form of sterilization results in a range of physical changes including embrittlement, degradation, odor generation, stiffening, softening, enhancement or reduction of chemical resistance [11, 21] . In this study, FT-IR spectra suggest that this sterilization process does not change chemical properties and structure or crystallinity and network structure of silk fibroin and this is consistent with the observed X-ray diffraction patterns. It has been found that the gamma irradiation decreases the molecular mass of silk fibroin, which implies that gamma irradiation breaks acetylamino group, and results in significant degradation in the noncrystalline region of silk fibroin. This is because the radiation induces the difference in the amino acid composition, especially the aromatic series amino acid such as tyrosine and phenylalanine.
Ethylene Oxide Sterilization
Ethylene oxide is one of the most widely used commercial sterilization processes in the medical device and care industries. However, the alkylating reactions, which this process utilizes to achieve sterilization, have also been reported to react with the functional groups of some biomedical materials [17] . Although the side chain such as carboxy group, amino group, hydrosulfide group and hydroxy group on the molecular weight are reactive and provide a mechanism for side group attachment using a variety of mild reaction conditions [17] . FT-IR spectra and X-ray spectrum showed that ethylene oxide used in sterilization process does not affect the chemical properties and structure of silk fibroin. From the SDS-PAGE spectrum, the molecular mass decreased a little. Therefore, ethylene oxide sterilization can be considered to be the most adequate sterilizing agent for silk fibroin, despite ethylene oxide sterilization associated with residues, toxicity, flammability, and environmental risks.
CONCLUSIONS
In summary, the experiment results indicated that silk fibroins were weakened by thermal methods of sterilization and steam sterilization also darkened the color of silk fibroin. Silk fibroin can be processed with gamma irradiation without significant loss of tensile strength but the molecular weight decreased with the increase of irradiation dose.
Except for some degradation on molecular weight, silk fibroin sterilized with ethylene oxide does not change its morphology or β-sheet structure, and its impact on mechanical property can be ignored. Therefore the ethylene oxide sterilization method can be considered as the most adequate sterilization method for silk fibroin.
